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approaches	 that	 use	 weight-at-age	 or	 weight	 increments	 to	 assess	 growth.	
Estimates	of	 density-dependent	 reduction	 in	biomass	underlined	 these	 results:	
97%	of	populations	with	 statistically	 significant	parameters	 for	 growth	and	 re-
cruitment	showed	a	larger	impact	of	density-dependent	recruitment	on	popula-
tion	biomass.
5.	 The	 results	 reaffirm	 the	 importance	of	density-dependent	 recruitment	 in	marine	
fishes,	 yet	 they	 also	 show	 that	 density	 dependence	 in	 somatic	 growth	 is	 not	
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1  | INTRODUC TION
Density	dependence	is	a	key	concept	in	population	ecology	(Hassell,	
1975;	 Hixon,	 Pacala,	 &	 Sandin,	 2002;	 May,	 Conway,	 Hassell,	 &	
Southwood,	 1974;	Turchin,	 1995).	Although	 some	 form	of	 density-	
dependent	population	regulation	is	nearly	a	logical	necessity,	detect-
ing	density	 regulation	can	be	challenging.	For	 instance,	many	 insect	
populations	 fluctuate	 widely,	 without	 showing	 detectable	 signs	 of	
density	regulation.	This	has	prompted	an	ongoing	debate	about	how	
density-	dependent	 population	 regulation	 could	 be	 detected	 and	
whether	it	is	important	at	all	(summarized	by,	e.g.	Brook	&	Bradshaw,	
2006;	Hixon	 et	al.,	 2002;	Turchin,	 1995).	The	mechanisms	 involved	
in	 population	 regulation	 are	 highly	 varied.	 They	 include	 predation,	
cannibalism,	disease	or	habitat	selection,	and	competition	for	limiting	
resources	such	as	food	and	nesting	sites,	manifesting	themselves	as	
increased	mortality,	 slower	 somatic	 growth	 and/or	 reduced	 fertility	















ily	 regulated	 by	 density-	dependent	 survival	 at	 early	 life	 stages,	
between	 spawning	 and	 first	 (few)	 years	 of	 life.	 It	 is	 customary	
to	 describe	 this	 density	 dependence	 with	 the	 so-	called	 stock-	
recruitment	relationship,	of	which	the	aforementioned	Ricker	and	
Beverton–Holt	models	are	the	most	used	ones	(Hilborn	&	Walters,	













Density-	dependent	processes	 at	 later	 life	 stages,	 on	 the	other	
hand,	have	been	 largely	 ignored	 in	population	dynamics	and	often	
deemed	 as	 uncommon	 (Walters	 &	 Martell,	 2004).	 However,	 the	






as	 has	 been	 established	 by	 case	 studies	 in	 several	 populations	 of	
marine	 fish	 (Ivanov	&	Beverton,	 1985;	 Kovalev	&	 Yaragina,	 2009;	
Olafsdottir	 et	al.,	 2015;	 Rijnsdorp	&	Van	 Leeuwen,	 1992;	 Rindorf,	
Jensen,	&	Schrum,	2008).	However,	there	have	been	few	attempts	to	
systematically	study	the	prevalence	of	density-	dependent	growth.	
In	 their	 review,	Sánchez	Lizaso	et	al.	 (2000)	noted	many	examples	
of	 density-	dependent	 growth	 in	 marine	 fish,	 particularly	 in	 juve-
niles,	 but	 also	 the	 lack	 of	 such	 an	 effect	 in	 other	 cases.	 The	 only	
unified,	quantitative	approach	to	this	question	(Lorenzen	&	Enberg,	
2002)	 found	evidence	 for	density-	dependent	body	growth	 in	9	of	
the	16	studied	fish	populations;	among	the	nine	marine	populations,	
four	 had	 statistically	 significant	 density	 dependence	 in	 growth.	
Furthermore,	 the	 same	 authors	 provided	 some	 evidence	 that	
density-	dependent	 growth	 was	 the	 primary	 source	 of	 population	
regulation	in	the	populations	where	it	was	significant,	although	they	





The	many	 demonstrations	 of	 density-	dependent	 growth	 leave	
open	two	questions:	how	prevalent	density-	dependent	growth	re-




sition,	 and	 therefore	 the	 benefits	 of	 maintaining	 fish	 populations	 at	 specific	
densities.
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from	 commercially	 exploited	 fish	 populations	 from	 the	 Northeast	
Atlantic	Ocean.





2015i,	 data	 accessible	 at	 Dryad	 Digital	 Repository:	 https://doi.












that	 were	 corrected	 for	 potential	 selectivity	 bias	 and	 represent	
true	 weight-	at-	age	 were	 used	 preferentially	 where	 available	 (see	
Table	S2)	 because	 these	 so-	called	 “stock	 weights”	 represent	 true	
weight-	at-	age	 in	 population	 better	 than	 age-	specific	weights	 from	
fisheries	catches.	The	study	includes	70	different	populations	from	
the	Northeast	Atlantic	Ocean.	Details	of	 the	 	different	populations	
used	 (species,	 stock	 area	 and	 assessment	methodology)	 appear	 in	
Table	S1.
We	 compared	 the	 strength	of	 density	 dependence	 at	 two	dif-
ferent	 levels.	 In	 the	 process-	level	 comparisons,	 we	 assessed	 how	
the	processes	of	growth	and	recruitment	are	influenced	by	popula-
tion	density.	To	make	this	comparison	meaningful	between	the	two	











to	 test	 whether	 the	 use	 of	 weight-	at-	age	 influences	 the	 results	






where	R	 denotes	 recruitment,	B	 spawning	 stock	biomass,	αR	max-
imum	 production	 of	 recruits	 per	 unit	 biomass	 obtained	 when	
B=0, and βR	the	density-	dependent	reduction	in	recruits	(i.e.	usually	
βR<0).	 The	Ricker	model	was	 selected	 due	 to	 its	 greater	 flexibil-
ity	and	generally	better	model	 fits	over	all	populations	compared	
to	Beverton–Holt	models	or	constant	recruitment.	The	model	can	
also	 be	 expressed	 as	 density-	dependent	 per	 unit	 biomass	 recruit	
production:
The	 same	 functional	 form	 can	 be	 used	 to	 describe	 density	
	dependence	in	growth:
where	 g	 denotes	 growth	 (weight	 increment),	 a	 the	 age	 group,	 B 
population	biomass,	αG,a	maximum	growth	when	B=0,	 and	βG,a	 the	
density-	dependent	reduction	in	growth.	Parameters	βR and βG,a allow 
to	compare	directly	which	source	of	density	regulation	 is	stronger.	
Because	 β	 can	 take	 on	 both	 positive	 and	 negative	 values	 (imply-
ing	positive/negative	density	dependence),	 the	metric	βG,a−βR	was	
used	as	measurement	to	compare	strength	of	density	dependence,	




and	parameter	values	of	αx and βx	were	estimated,	with	 likelihood	
functions	 using	 a	maximum	 likelihood	method	 assuming	 a	 normal	
distribution	 (Haddon,	 2010).	 Standard	 deviation	 and	 significance	
of	parameters	were	obtained	as	part	of	 the	parameter	estimation.	
All	 analyses	were	 conducted	 using	 r	 version	 3.4	 (R:	Development	
Core	Team,	2016)	with	the	TMB	package	(Kristensen,	Nielsen,	Berg,	
Skaug,	&	Bell,	2016).	Spawning	stock	biomass	 (SSB)	was	used	as	a	




Growth	 models	 were	 fitted	 to	 two	 alternative	 measurements	






∕T),	where	 t	 is	 the	year	and	T=	1	year	and	 (2)	
weight-	at-	age	 (ga≡wa+1,t+1).	 The	 former	measures	 growth	 directly,	
whereas	the	latter	measures	the	cumulative	effect	of	growth,	rather	
than	growth	per	se.	This	metric	was	used	because	it	allows	estimat-
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suffers	from	being	affected	by	a	cohort’s	whole	growth	history,	not	
just	the	focal	time	interval.
Growth	 was	 represented	 alternatively	 either	 as	 the	 average	
growth	 across	 all	 ages	 (Ga=Gall),	 or	 for	 three	 representative	 age	
groups:	the	youngest	age	group	present	in	the	data,	one	at	the	av-
erage	between	youngest	and	oldest	age	group,	and	the	oldest	age	





class	 times	 the	corresponding	weights.	Because	abundance	at	age	 is	
the	product	of	initial	recruitment	and	mortality	experienced	in	previ-
ous	years,	density	dependence	in	both	growth	and	recruitment	affects	













The	 Ricker	 model	 was	 successfully	 fitted	 to	 describe	 density	 de-
pendence	 in	 recruitment	 for	 the	 70	 populations	 analysed	 in	 our	
study.	 The	 Ricker	 model	 was	 also	 successfully	 fitted	 to	 describe	
density	dependence	in	growth	for	most	age	groups;	the	fitting	pro-
cess	failed	to	converge	in	few	specific	populations	and	age	groups.	
Density	dependence	parameters	 in	growth	 (for	 all	 age	groups	Gall)	
and	 recruitment	 were	 statistically	 significant	 (p	<	.05)	 in	 26%	 and	












































marginally	 significant	 (p	<	.1)	 parameter	 estimates,	 there	 were	
several	populations	 in	which	density	dependence	 in	growth	out-











on	 the	 Faroes	 grounds,	 as	well	 as	 specific	 age	 groups	 in	 golden	
redfish	 (Sebastes norvegicus)	 and	 beaked	 redfish	 (Sebastes men-
tella),	 the	southern	stock	of	megrim	(Lepidorhombus whiffiagonis),	
sprat	(Sprattus sprattus)	 in	the	Baltic	Sea	and	various	populations	
of	 plaice	 (Pleuronectes platessa)	 and	 sole	 (Solea solea).	 Stronger	
density	dependence	in	growth	typically	coincides	with	statistically	
































Stronger in recruitment Stronger in growth No model fit
Populations with 
significant estimates All populations
Populations with 
significant estimates All populations All populations
Gall 95% 90% 5% 10% 0%
G1 87% 86% 13% 9% 5%
G2 94% 87% 6% 13% 0%
G3 91% 81% 9% 16% 3%





In	 the	 majority	 of	 populations,	 we	 detected	 positive	 density	
dependence	 in	 at	 least	 one	 parameter	 estimate	 (Tables	S3–S6).	
Statistically	 significant	 positive	 point	 estimates	 were	 much	 more	
frequent	 for	 growth	 (22%	 for	Gall	 and	 from	 29%	 (G2)	 to	 55%	 (G3))	
than	 for	 recruitment	 (4%).	We	 found	positive	density	dependence	
in	 growth	 in,	 among	 others,	 various	 populations	 of	 Atlantic	 cod,	
Atlantic	herring,	haddock	(Melanogrammus aeglefinus),	plaice,	sand-
eel	(Ammodytes spp.)	and	sole,	as	well	as	ling	on	the	Faroes	grounds,	
sprat	 in	 the	 Baltic	 Sea	 and	 turbot	 (Scophthalmus maximus)	 in	 the	






recruitment	was	estimated	 to	 reduce	population	biomass	 to	 a	 larger	




itive	 density	 dependence	 in	 recruitment.	 Even	 including	 populations	
without	 statistically	 significant	 parameter	 values	 for	 recruitment	 did	









yet	 density-	dependent	 growth	was	 also	 relatively	 common	 and	 in	
a	 few	cases	of	comparable	strength	or	 stronger.	The	detailed	pat-






Strength	 of	 density	 dependence	was	 quantified	 at	 two	 levels,	
at	 process	 and	 population	 levels.	 In	 the	 former,	 after	 standardiz-
ing	biomass	across	populations,	 the	 coefficients	βG and βR	 express	
the	effect	of	density	dependence	on	growth	and	 recruitment	 in	a	
way	 that	 is	 comparable	 between	 both	 populations	 and	 the	 two	




mature	 biomass	 (see	 Appendix	S1	 for	 derivation	 and	 detailed	 dis-
cussion).	Without	 further	 studies,	 it	 is	 difficult	 to	 assess	whether	
and	how	the	simplifying	assumptions	will	affect	 the	quantification	
of	 the	population-	level	 impacts.	 It	 remains	 therefore	an	 important	
challenge	 to	explore	 further	 the	practical	 implications	of	our	 find-
ings	for	population	dynamics.	Nevertheless,	given	the	much	stron-







the	median	 length	of	 those	 time	 series	was	 around	20	years	only.	
Availability	 of	 population	 data	 on	marine	 fishes	 is	 relatively	 good	
compared	to	invertebrates	or	terrestrial	vertebrates,	with	data	often	
































further	 analysis.	 Furthermore,	 although	 time	 series	 from	commer-








tion	 sizes	 near	 carrying	 capacity	 are	 underrepresented	 or	 absent.	
Consequently,	our	parameter	estimates	might	be	biased.
Density-	dependent	 regulation	 emerges	 from	 the	 life-	history	
strategies	within	a	population	as	adaptations	to	a	limited	environment	
(Reznick,	Bryant,	&	Bashey,	2002;	Winemiller,	2005),	linking	somatic	
growth	 and	 recruitment	 through	 individual	 life	 history	 and	 shared	










output	and	survival	 in	fish	 (Enberg	et	al.,	2012),	changes	 in	size-	at-	
age	affect	maturity	and	fecundity,	and	therefore	the	overall	produc-
tivity	of	the	population	(Hixon,	Johnson,	&	Sogard,	2014).	Through	






















Salthaug,	 &	 Skogen,	 2008;	 Skaret,	 Bachiller,	 Langøy,	 &	 Stenevik,	

















is	 accounted	 for	 through	 the	 use	 of	 stock-	recruitment	 models,	 the	
predictions	 typically	 assume	 constant	weights-	at-	age,	 thus	 ignoring	
density-	dependent	 growth.	 Our	 findings	 call	 for	 more	 attention	 to	
density-	dependent	growth	in	fisheries	management.
Density-	dependent	 growth	 may	 affect	 management	 decisions	
due	 to	 its	compensatory	effect	on	 total	biomass	and	productivity.	
Growth	 determines	 size-	at-	age	 and,	 therefore,	 along	 with	 mor-
tality,	 the	size	structure	within	the	stock,	with	ecological	and	eco-
nomic	 implications.	 Varying	 growth	 rates	 modulate	 the	 nonlinear	






agement	decisions.	Because	 in	most	 fisheries	 size	 is	directly	asso-
ciated	with	 fish	prices	 (Asche,	Chen,	&	Smith,	2015;	Zimmermann	
&	 Heino,	 2013),	 density-	dependent	 growth	 affects	 catch	 value	
and	 therefore	 optimal	 harvest	 strategies	 (Zimmermann,	 Heino,	 &	
Steinshamn,	2011).
Details	 of	 density-	dependent	 effects	 are	 important	 for	 pop-
ulation	dynamics	and	will	 affect	 their	 stability,	 such	as	presence	
of	 chaotic	 dynamics	 or	multiple	 equilibria	 (Åström,	 Lundberg,	 &	
Lundberg,	1996;	Claessen,	de	Roos,	&	Persson,	2000;	Hellriegel,	
2000;	Neubert	 &	Caswell,	 2000).	 The	 nature	 of	 density	 depen-
dence	will	also	affect	the	course	of	life-	history	evolution	(Mylius	
&	 Diekmann,	 1995),	 with	 more	 than	 one	 source	 of	 density-	
dependent	 effects	 required	 for	 frequency-	dependent	 selection	
to	maintain	stable	polymorphisms	(Heino,	Metz,	&	Kaitala,	1998).	
Furthermore,	the	traditional	fitness	maximization	approach	in	life-	
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biomass,	in	agreement	with	the	common	assumption	that	density-	
dependent	 recruitment	 tends	 to	 be	 most	 important	 source	 of	
population	 regulation.	 The	 results,	 however,	 also	 underline	 that	
density-	dependent	growth	is	not	uncommon	and	often	co-	occurs	
with	 density-	dependent	 recruitment.	 This	 challenges	 the	 pre-
vailing	 paradigm	 of	 supremacy	 of	 population	 regulation	 through	




viewer	 for	 their	 valuable	 input,	 and	 all	 stock	 assessment	 scien-
tists	 for	 their	 diligent	 work	 in	 providing	 fisheries	 management	
advice	 through	 ICES.	 F.Z.	 and	 M.H.	 acknowledge	 support	 by	
the	Norwegian	 Research	 Council	 projects	 243735	 (ConEvolHer)	
and	 255530	 (MESSAGE),	 D.R.	 by	 Postdok_BIOGLOBE	








DATA ACCE SSIBILIT Y
All	data	used	in	this	study	are	publicly	available	at	the	International	
Council	for	the	Exploration	of	the	Sea	(ICES)	(www.ices.dk)	and	the	
Dryad	 Digital	 Repository:	 https://doi.org/10.5061/dryad.d1458	
Zimmermann,	Ricard,	and	Heino	(2018).
ORCID 
Fabian Zimmermann  http://orcid.org/0000-0003-3633-1816 
Mikko Heino  http://orcid.org/0000-0003-2928-3940   
R E FE R E N C E S
Andersen,	K.	H.,	Jacobsen,	N.	S.,	Jansen,	T.,	&	Beyer,	J.	E.	(2017).	When	
in	 life	does	density	dependence	occur	 in	fish	populations?	Fish and 
Fisheries,	18,	656–667.	https://doi.org/10.1111/faf.12195
Anderson,	 C.	N.	 K.,	Hsieh,	 C.,	 Sandin,	 S.	 A.,	Hewitt,	 R.,	Hollowed,	 A.,	
Beddington,	 J.,	…	 Sugihara,	G.	 (2008).	Why	 fishing	magnifies	 fluc-
tuations	 in	 fish	 abundance.	 Nature,	 452,	 835–839.	 https://doi.
org/10.1038/nature06851
Anderson,	R.	M.,	&	May,	R.	M.	(1978).	Regulation	and	stability	of	host-	
parasite	population	 interactions:	 I.	Regulatory	processes.	Journal of 
Animal Ecology,	47,	219–247.	https://doi.org/10.2307/3933
Asche,	F.,	Chen,	Y.,	&	Smith,	M.	D.	 (2015).	Economic	 incentives	 to	 tar-
get	species	and	fish	size:	Prices	and	fine-	scale	product	attributes	in	
Norwegian	 fisheries.	 ICES Journal of Marine Science,	 72,	 733–740.	
https://doi.org/10.1093/icesjms/fsu208
Åström,	M.,	 Lundberg,	 P.,	&	 Lundberg,	 S.	 (1996).	 Population	 dynamics	
with	sequential	density-	dependencies.	Oikos,	75,	174–181.
Beverton,	R.	J.,	&	Holt,	S.	J.	(1957).	On the dynamics of exploited fish pop-
ulations. UK Ministry of agriculture, fisheries and food, fisheries investi-
gations.	Vol.	2.	Berlin,	Germany:	Springer	Science	&	Business	Media.
Borja,	 A.,	 Fontan,	 A.,	 Sáenz,	 J.,	 &	Valencia,	 V.	 (2008).	 Climate,	 ocean-
ography,	 and	 recruitment:	 The	 case	 of	 the	 Bay	 of	 Biscay	 anchovy	
(Engraulis encrasicolus).	Fisheries Oceanography,	17,	477–493.	https://
doi.org/10.1111/j.1365-2419.2008.00494.x
Boutin,	 S.	 (1990).	 Food	 supplementation	 experiments	 with	 terrestrial	
vertebrates:	Patterns,	problems,	and	the	future.	Canadian Journal of 
Zoology,	68,	203–220.	https://doi.org/10.1139/z90-031
Britten,	G.	L.,	Dowd,	M.,	&	Worm,	B.	 (2016).	Changing	recruitment	ca-
pacity	 in	 global	 fish	 stocks.	Proceedings of the National Academy of 








Canadian Journal of Fisheries and Aquatic Sciences,	 72,	 634–641.	
https://doi.org/10.1139/cjfas-2014-0231
Claessen,	D.,	de	Roos,	A.	M.,	&	Persson,	L.	 (2000).	Dwarfs	and	giants:	
Cannibalism	 and	 competition	 in	 size-	structured	 populations.	 The 
American Naturalist,	155,	219–237.
Cowan,	 J.	 Jr,	 Rose,	 K.,	 &	 DeVries,	 D.	 (2000).	 Is	 density-	dependent	
growth	 in	 young-	of-	the-	year	 fishes	 a	 question	 of	 critical	 weight?	








mechanisms	 and	 the	 empirical	 evidence.	Marine Ecology,	33,	 1–25.	
https://doi.org/10.1111/j.1439-0485.2011.00460.x
Gislason,	H.,	Daan,	N.,	Rice,	J.	C.,	&	Pope,	J.	G.	(2010).	Size,	growth,	
temperature	 and	 the	 natural	 mortality	 of	 marine	 fish.	 Fish and 
Fisheries,	11,	149–158.	https://doi.org/10.1111/j.1467-2979.2009. 
00350.x
Haddon,	M.	 (2010).	Modelling and quantitative methods in fisheries	 (2nd	
ed.).	Boca	Raton,	FL:	CRC	Press.
Hassell,	 M.	 (1975).	 Density-	dependence	 in	 single-	species	 popu-
lations.	 Journal of Animal Ecology,	 44,	 283–295.	 https://doi.
org/10.2307/3863
Heino,	M.,	Metz,	J.	A.	J.,	&	Kaitala,	V.	(1998).	The	enigma	of	frequency-	
dependent	 selection.	 Trends in Ecology & Evolution,	 13,	 367–370.	
https://doi.org/10.1016/S0169-5347(98)01380-9
Hellriegel,	 B.	 (2000).	 Single-	 or	 multistage	 regulation	 in	 complex	 life	
cycles:	Does	 it	make	 a	difference?	Oikos,	88,	 239–249.	 https://doi.
org/10.1034/j.1600-0706.2000.880202.x
Helser,	T.,	&	Almeida,	F.	 (1997).	Density-	dependent	growth	and	sexual	
maturity	 of	 silver	 hake	 in	 the	 north-	west	 Atlantic.	 Journal of Fish 
Biology,	 51,	 607–623.	 https://doi.org/10.1111/j.1095-8649.1997.
tb01516.x
Hilborn,	R.,	&	Walters,	C.	(1992).	Quantitative fisheries stock assessment: 
Choice, dynamics, and uncertainty.	New	York,	NY:	Chapman	&	Hall.	
https://doi.org/10.1007/978-1-4615-3598-0
Hixon,	 M.	 A.,	 Johnson,	 D.	 W.,	 &	 Sogard,	 S.	 M.	 (2014).	 BOFFFFs:	 On	
the	 importance	 of	 conserving	 old-	growth	 age	 structure	 in	 fishery	
     |  9Journal of Animal EcologyZIMMERMANN Et Al.






Huse,	G.,	 Salthaug,	A.,	&	Skogen,	M.	D.	 (2008).	 Indications	of	 a	 nega-
tive	impact	of	herring	on	recruitment	of	Norway	pout.	ICES Journal 
of Marine Science,	 65,	 906–911.	 https://doi.org/10.1093/icesjms/
fsn074
Husebø,	 Å.,	 Slotte,	 A.,	 &	 Stenevik,	 E.	 K.	 (2007).	 Growth	 of	 juvenile	
Norwegian	spring-	spawning	herring	in	relation	to	latitudinal	and	in-
terannual	differences	in	temperature	and	fish	density	in	their	coastal	
and	 fjord	 nursery	 areas.	 ICES Journal of Marine Science,	 64,	 1161–
1172.	https://doi.org/10.1093/icesjms/fsm081
ICES.	 (2015a).	 Report of the Arctic Fisheries Working Group (AFWG). 
International	Council	for	the	Exploration	of	the	Sea	(ICES)	ICES	CM	
2015/ACOM:05.
ICES.	 (2015b).	 Report of the Baltic Fisheries Assessment Working Group 
(WGBFAS).	International	Council	for	the	Exploration	of	the	Sea	(ICES)	
ICES	CM	2015/ACOM:10.
ICES.	(2015c).	Report of the Herring Assessment Working Group for the Area 
South of 62ºN (HAWG).	 International	Council	 for	 the	Exploration	of	
the	Sea	(ICES)	ICES	CM	2015/ACOM:06.
ICES.	 (2015d).	 Report of the North Western Working Group (NWWG). 
International	Council	for	the	Exploration	of	the	Sea	(ICES)	ICES	CM	
2015/ACOM:07.
ICES.	 (2015e).	 Report of the Working Group for the Bay of Biscay and 
the Iberian waters Ecoregion (WGBIE).	 International	 Council	 for	 the	
Exploration	of	the	Sea	(ICES)	ICES	CM/ACOM:11.
ICES.	 (2015f).	Report of the Working Group for the Celtic Seas Ecoregion 
(WGCSE).	International	Council	for	the	Exploration	of	the	Sea	(ICES)	
ICES	CM	2015/ACOM:12.
ICES.	(2015g).	Report of the Working Group on Biology and Assessment of 
Deep-sea Fisheries Resources (WGDEEP).	International	Council	for	the	
Exploration	of	the	Sea	(ICES)	ICES	CM	2015/ACOM:17.
ICES.	(2015h).	Report of the Working Group on the Assessment of Demersal 
Stocks in the North Sea and Skagerrak (WGNSSK).	International	Council	
for	the	Exploration	of	the	Sea	(ICES)	ICES	CM	2015/ACOM:13.
ICES.	 (2015i).	Report of the Working Group on Widely Distributed Stocks 
(WGWIDE).	 International	 Council	 for	 the	 Exploration	 of	 the	 Sea	
(ICES)	ICES	CM	2013/ACOM:15.
Ivanov,	 L.,	 &	 Beverton,	 R.	 J.	 H.	 (1985).	 The fisheries resources of the 
Mediterranean.	Rome,	Italy:	FAO,	135.
Kjesbu,	 O.,	 Witthames,	 P.,	 Solemdal,	 P.,	 &	 Walker,	 M.	 G.	 (1998).	
Temporal	variations	in	the	fecundity	of	Arcto-	Norwegian	cod	(Gadus 
morhua)	 in	 response	 to	 natural	 changes	 in	 food	 and	 temperature.	




Northeast	Arctic	cod	Gadus morhua morhua. Journal of Ichthyology,	
49,	56–65.	https://doi.org/10.1134/S003294520901007X
Kristensen,	K.,	Nielsen,	A.,	Berg,	C.	W.,	Skaug,	H.	 J.,	&	Bell,	B.	 (2016).	
TMB:	Automatic	differentiation	and	 laplace	approximation.	 Journal 
of Statistical Software,	70,	1–21.
Lorenzen,	K.,	&	Enberg,	K.	 (2002).	Density-	dependent	growth	as	a	key	
mechanism	 in	 the	 regulation	 of	 fish	 populations:	 Evidence	 from	
among-	population	 comparisons.	Proceedings of the Royal Society of 
London B: Biological Sciences,	 269,	 49–54.	 https://doi.org/10.1098/
rspb.2001.1853
Marshall,	 C.	 T.,	 Kjesbu,	O.	 S.,	 Yaragina,	N.	 A.,	 Solemdal,	 P.,	 &	Ulltang,	
Ø.	(1998).	Is	spawner	biomass	a	sensitive	measure	of	the	reproduc-
tive	 and	 recruitment	 potential	 of	 Northeast	 Arctic	 cod?	 Canadian 
Journal of Fisheries and Aquatic Sciences,	55,	1766–1783.	https://doi.
org/10.1139/f98-062
May,	R.,	Conway,	G.,	Hassell,	M.,	&	Southwood,	T.	 (1974).	Time	delays,	















1984	 to	 2013:	 Effects	 of	 mackerel	 stock	 size	 and	 herring	 (Clupea 
harengus)	stock	size.	 ICES Journal of Marine Science,	73,	1255–1265.	
https://doi.org/10.1093/icesjms/fsv142
Patterson,	 K.,	 Cook,	 R.,	 Darby,	 C.,	 Gavaris,	 S.,	 Kell,	 L.,	 Lewy,	 P.,	 …	
Skagen,	D.	W.	 (2001).	 Estimating	 uncertainty	 in	 fish	 stock	 assess-
ment	 and	 forecasting.	 Fish and Fisheries,	 2,	 125–157.	 https://doi.
org/10.1046/j.1467-2960.2001.00042.x
Pöysä,	 H.,	 &	 Pöysä,	 S.	 (2002).	 Nest-	site	 limitation	 and	 density	 de-
pendence	 of	 reproductive	 output	 in	 the	 common	 goldeneye	
Bucephala clangula:	 Implications	 for	 the	 management	 of	 cavity-	
nesting	 birds.	 Journal of Applied Ecology,	 39,	 502–510.	 https://doi.
org/10.1046/j.1365-2664.2002.00726.x
Pulliam,	 H.	 R.	 (1988).	 Sources,	 sinks,	 and	 population	 regulation.	 The 
American Naturalist,	132,	652–661.	https://doi.org/10.1086/284880
R:	Development	Core	 Team.	 (2016).	R: A language and environment for 
statistical computing.	 Vienna,	 Austria:	 R	 Foundation	 for	 Statistical	
Computing.
Reznick,	 D.,	 Bryant,	M.	 J.,	 &	 Bashey,	 F.	 (2002).	 r-	 and	 K-	selection	 re-
visited:	 The	 role	 of	 population	 regulation	 in	 life-	history	 evolution.	
Ecology,	83,	 1509–1520.	 https://doi.org/10.1890/0012-9658(2002)
083[1509:RAKSRT]2.0.CO;2
Ricard,	 D.,	 Zimmermann,	 F.,	 &	 Heino,	 M.	 (2016).	 Are	 negative	 intra-	
specific	 interactions	 important	 for	 recruitment	 dynamics?	 A	 case	
study	of	Atlantic	fish	stocks.	Marine Ecology Progress Series,	547,	211–
217.	https://doi.org/10.3354/meps11625
Ricker,	W.	E.	(1954).	Stock	and	recruitment.	Journal of the Fisheries Board 
of Canada,	11,	559–623.	https://doi.org/10.1139/f54-039
Rijnsdorp,	 A.,	 &	 Van	 Leeuwen,	 P.	 (1992).	 Density-	dependent	 and	 in-
dependent	 changes	 in	 somatic	 growth	 of	 female	North	 Sea	 plaice	
Pleuronecles platessa	between	1930	and	1985	as	 revealed	by	back-	
calculation	of	otoliths.	Marine Ecology Progress Series,	88,	19–32.
Rindorf,	A.,	Jensen,	H.,	&	Schrum,	C.	(2008).	Growth,	temperature,	and	
density	 relationships	 of	 North	 Sea	 cod	 (Gadus morhua).	 Canadian 
Journal of Fisheries and Aquatic Sciences,	 65,	 456–470.	 https://doi.
org/10.1139/f07-150
Sánchez	Lizaso,	J.,	Goni,	R.,	Renones,	O.,	Charton,	J.	G.,	Galzin,	R.,	Bayle,	
J.,	 …	 Ramos,	 A.	 (2000).	 Density	 dependence	 in	 marine	 protected	









10  |    Journal of Animal Ecology ZIMMERMANN Et Al.







Sea.	 ICES Journal of Marine Science,	 72,	 2313–2321.	 https://doi.
org/10.1093/icesjms/fsv087
Stachura,	 M.	 M.,	 Essington,	 T.	 E.,	 Mantua,	 N.	 J.,	 Hollowed,	 A.	 B.,	
Haltuch,	 M.	 A.,	 Spencer,	 P.	 D.,	 …	 Doyle,	 M.	 J.	 (2014).	 Linking	
Northeast	Pacific	recruitment	synchrony	to	environmental	variabil-
ity.	 Fisheries Oceanography,	 23,	 389–408.	 https://doi.org/10.1111/ 
fog.12066
Svedäng,	H.,	&	Hornborg,	 S.	 (2014).	 Selective	 fishing	 induces	 density-	
dependent	 growth.	 Nature Communications,	 5,	 4152.	 https://doi.
org/10.1038/ncomms5152
Turchin,	P.	(1995).	Population	regulation:	Old	arguments	and	a	new	syn-
thesis.	 In	N.	Cappuccino,	&	P.	W.	Price	 (Eds.),	Population dynamics: 
New approaches and synthesis	(pp.	19–40).	San	Diego,	CA:	Academic	
Press.	https://doi.org/10.1016/B978-012159270-7/50003-8
Walters,	 C.,	 &	 Martell,	 S.	 (2004).	 Fisheries ecology and management. 
Princeton,	NJ:	Princeton	University	Press.
Winemiller,	K.	O.	(2005).	Life	history	strategies,	population	regulation,	and	
implications	for	fisheries	management.	Canadian Journal of Fisheries and 
Aquatic Sciences,	62,	872–885.	https://doi.org/10.1139/f05-040
Zimmermann,	 F.,	&	Heino,	M.	 (2013).	 Is	 size-	dependent	 pricing	preva-
lent	in	fisheries?	The	case	of	Norwegian	demersal	and	pelagic	fish-
eries.	 ICES Journal of Marine Science,	 70,	 1389–1395.	 https://doi.
org/10.1093/icesjms/fst121
Zimmermann,	F.,	Heino,	M.,	&	Steinshamn,	S.	 I.	 (2011).	Does	size	mat-
ter?	A	 bioeconomic	 perspective	 on	 optimal	 harvesting	when	 price	




is	 stronger	 in	 recruitment	 than	 in	 somatic	 growth.	 Dryad Digital 
Repository,	https://doi.org/10.5061/dryad.d1458
SUPPORTING INFORMATION
Additional	 Supporting	 Information	 may	 be	 found	 online	 in	 the	
	supporting	information	tab	for	this	article.
How to cite this article:	Zimmermann	F,	Ricard	D,	Heino	M.	
Density	regulation	in	Northeast	Atlantic	fish	populations:	
Density	dependence	is	stronger	in	recruitment	than	in	
somatic	growth.	J Anim Ecol. 2018;00:1–10. https://doi.
org/10.1111/1365-2656.12800
